Studies on the Controlled Synthesis of Pd- and Pt-based Nanocrystals and Their Electrocatalytic Properties by 张雷
学校编码：10384                                 分类号      密级        
学号：20520110153732                                        UDC       
  
 
博  士  学  位  论  文 
Pd、Pt基贵金属纳米材料的可控合成及其
电催化性能的研究 
Studies on the Controlled Synthesis of Pd- and Pt-based 
Nanocrystals and Their Electrocatalytic Properties 
 
张雷 
 
指导教师姓名： 谢 兆雄   教授 
夏 幼 南   教授 
专 业 名 称： 纳 米 材 料 化 学 
论文提交日期： 2 0 1 4 年 1 1 月 
论文答辩日期： 2014 年    月 
学位授予日期： 2014 年     月 
  
答辩委员会主席：           
评    阅    人：           
 
 
2014年 11月  
原
子
尺
度
控
制
合
成
贵
金
属
纳
米
材
料
及
其
形
貌
热
稳
定
性
和
催
化
性
能
研
究 
 
 
 
 
谢
水
奋 
 
 
 
 
指
导
教
师 
 
 
谢
兆
雄 
 
夏
幼
南
教
授 
 
 
厦
门
大
学 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
Studies on the Controlled Synthesis of Pd- and Pt-based 
Nanocrystals and Their Electrocatalytic Properties 
A Dissertation Submitted to the Graduate School in Partial Fulfillment of 
the Requirements for the Degree of Doctor Philosophy 
 
By Lei Zhang 
 
 
 
Supervised by 
Prof. Zhaoxiong Xie (Xiamen University) 
Prof. Younan Xia (Georgia Institute of Technology) 
 
 
 
Department of Chemistry 
Xiamen University 
November, 2014 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学学位论文原创性声明 
 
本人呈交的学位论文是本人在导师指导下,独立完成的研究成果。
本人在论文写作中参考其他个人或集体已经发表的研究成果，均在文
中以适当方式明确标明，并符合法律规范和《厦门大学研究生学术活
动规范（试行）》。 
另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的
资助，在（               ）实验室完成。（请在以上括号内填写课
题或课题组负责人或实验室名称，未有此项声明内容的，可以不作特
别声明。） 
 
声明人（签名）： 
          年   月   日 
 
 
 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦门大学学位论文著作权使用声明 
 
本人同意厦门大学根据《中华人民共和国学位条例暂行实施办法》
等规定保留和使用此学位论文，并向主管部门或其指定机构送交学位
论文（包括纸质版和电子版），允许学位论文进入厦门大学图书馆及
其数据库被查阅、借阅。本人同意厦门大学将学位论文加入全国博士、
硕士学位论文共建单位数据库进行检索，将学位论文的标题和摘要汇
编出版，采用影印、缩印或者其它方式合理复制学位论文。 
本学位论文属于： 
（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 
（     ）2.不保密，适用上述授权。 
（请在以上相应括号内打“√”或填上相应内容。保密学位论文
应是已经厦门大学保密委员会审定过的学位论文，未经厦门大学保密
委员会审定的学位论文均为公开学位论文。此声明栏不填写的，默认
为公开学位论文，均适用上述授权。） 
 
                             声明人（签名）： 
年   月   日 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
I 
 
目录 
摘要 ............................................................................................................................... I 
Abstract ...................................................................................................................... IV 
第一章 绪论 .................................................................................................................. 1 
§1.1 引言 .................................................................................................................... 1 
§1.2 贵金属纳米材料概述 ........................................................................................ 2 
§1.2.1 贵金属纳米材料简介 ................................................................................. 2 
§1.2.2 贵金属纳米晶体的结构 ............................................................................. 3 
§1.2.3 贵金属纳米材料的特性 ............................................................................. 4 
§1.3 贵金属纳米材料的可控合成现状 .................................................................... 6 
§1.3.1 贵金属纳米材料的合成方法 ..................................................................... 6 
§1.3.2 由基础晶面构成的贵金属纳米晶体可控合成现状 ................................. 7 
§1.3.3 由高表面能晶面构成的贵金属纳米晶体可控合成现状 ......................... 9 
§1.4 贵金属纳米材料在燃料电池中的应用 .......................................................... 12 
§1.4.1 燃料电池的简介 ....................................................................................... 12 
§1.4.2 可控合成对于贵金属纳米材料在燃料电池相关反应中催化性能的影响
 .............................................................................................................................. 13 
§1.5 本论文选题依据和研究内容 .......................................................................... 19 
参考文献 .................................................................................................................. 23 
第二章  通过油相晶种生长法制备尺寸可控的单分散 Pd 纳米晶体 ..................... 36 
§2.1 前言 .................................................................................................................. 36 
§2.2 实验部分 .......................................................................................................... 37 
§2.2.1 实验试剂 ................................................................................................... 37 
§2.2.2 实验步骤 ................................................................................................... 37 
§2.2.3 仪器表征 ................................................................................................... 37 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
II 
 
§2.3 结果与讨论 ...................................................................................................... 39 
§2.3.1 5-nm 单分散 Pd 纳米晶体的制备和结构表征 ........................................ 39 
§2.3.2 有机胺在单分散 Pd 纳米晶体表面的吸附作用 ..................................... 41 
§2.3.3 有机相晶种生长法制备不同尺寸的单分散 Pd 纳米晶体 ..................... 41 
§2.3.4 Pd 纳米晶体自组装形成的超晶格晶体的结构表征 .............................. 42 
§2.4 本章小结 .......................................................................................................... 44 
参考文献 .................................................................................................................. 45 
第三章  具有{hkk}高表面能晶面裸露的 Pt 纳米晶体的可控合成及其电催化性能
研究 ............................................................................................................................. 48 
§3.1 前言 .................................................................................................................. 48 
§3.2 实验部分 .......................................................................................................... 49 
§3.2.1 实验试剂 ................................................................................................... 49 
§3.2.2 实验步骤 ................................................................................................... 49 
§3.2.3 仪器表征 ................................................................................................... 50 
§3.3 结果与讨论 ...................................................................................................... 51 
§3.3.1 具有{211}晶面裸露的多枝状 Pt 纳米晶体的合成与表征 .................... 51 
§3.3.2 具有{411}晶面裸露的内凹 Pt 纳米立方体的合成和表征 .................... 53 
§3.3.3 电化学方法对制备的 Pt 纳米晶体进行晶面结构表征 .......................... 55 
§3.3.4 正辛胺和甲醛在反应体系中的作用研究 ............................................... 56 
§2.3.5 多枝状 Pt 纳米晶体与内凹 Pt 纳米立方体在电催化氧化乙醇反应中的
性质研究 .............................................................................................................. 59 
§3.4 本章小结 .......................................................................................................... 60 
参考文献 .................................................................................................................. 61 
第四章  Pd-Cu 双金属三角叉的合成以及其增强的电化学催化性能表征 ........... 65 
§4.1 前言 .................................................................................................................. 65 
§4.2 实验部分 .......................................................................................................... 67 
§4.2.1 实验试剂 ................................................................................................... 67 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
III 
 
§4.2.2 实验步骤 ................................................................................................... 67 
§4.2.3 仪器和表征 ............................................................................................... 68 
§4.3 实验结果和讨论 .............................................................................................. 70 
§4.3.1 CuCl2对于 Pd 基纳米晶体形貌的影响 ................................................... 70 
§4.3.2 Pd-Cu 三角叉的结构表征 ........................................................................ 71 
§4.3.3 探索 Cu2+离子在 Pd-Cu 合金形成过程中的作用 ................................... 73 
§4.3.4 探索 Br-离子及其他影响因素对 Pd-Cu 合金三角叉的影响 ................. 76 
§4.3.5 通过氧化刻蚀反应选择性移除 Pd-Cu 三角叉中的 Cu ......................... 79 
§4.3.6 Pd-Cu 三角叉在电催化氧化甲酸中催化性质表征 ................................ 81 
§4.4 本章小结 .......................................................................................................... 83 
参考文献 .................................................................................................................. 84 
第五章  Cu2+离子辅助合成具有高表面能晶面裸露的六八面体状 Au-Pd 合金纳
米晶体 ......................................................................................................................... 89 
§5.1 引言 .................................................................................................................. 89 
§5.2 实验部分 .......................................................................................................... 90 
§5.2.1 实验试剂 ................................................................................................... 90 
§5.2.2 实验步骤 ................................................................................................... 90 
§5.2.3 仪器表征 ................................................................................................... 91 
§5.3 实验结果和讨论 .............................................................................................. 92 
§5.3.1 六八面体状 Au-Pd 合金纳米晶体的结构表征 ....................................... 92 
§5.3.2 探索不同实验参数对于六八面体状 Au-Pd 合金纳米晶体形成的影响
 .............................................................................................................................. 95 
§5.3.3 六八面体状 Au-Pd 合金纳米晶体形成的的机理研究 ........................... 98 
§5.3.4 六八面体状 Au-Pd 合金纳米晶体在电催化甲酸氧化反应中的性能表
征 .......................................................................................................................... 99 
§5.4 本章小结 ........................................................................................................ 101 
参考文献 ................................................................................................................ 102 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
IV 
 
第六章  Cu 欠电位沉积对于 Au 和 Au-Pd 合金纳米晶体形貌的影响 ............... 106 
§6.1 引言 ................................................................................................................ 106 
§6.2 实验部分 ........................................................................................................ 107 
§6.2.1 实验试剂 ................................................................................................. 107 
§6.2.2 实验步骤 ................................................................................................. 107 
§6.2.3 仪器表征 ................................................................................................. 108 
§6.3 实验结果和讨论 ............................................................................................ 110 
§6.3.1 Cu 在 Au 表面欠电位沉积过程对于 Au 纳米晶体形貌调控 .............. 110 
§6.3.2 Cu
2+对 Au 纳米晶体形貌调控的机理研究 ........................................... 111 
§6.3.3 Cu 在 Au-Pd 表面欠电位沉积过程对于 Au-Pd 纳米晶体形貌调控 ... 113 
§6.3.4 Au-Pd 合金电化学性质表征 .................................................................. 116 
§6.4 本章小结 ........................................................................................................ 117 
参考文献 ................................................................................................................ 118 
第七章  合成 Pt 原子层数可精确控制的 Pd@Pt 核壳纳米八面体及其氧还原反应
催化性质表征 ........................................................................................................... 121 
§7.1 前言 ................................................................................................................ 121 
§7.2 实验部分 ........................................................................................................ 122 
§7.2.1 实验试剂 ................................................................................................. 122 
§7.2.2 实验步骤 ................................................................................................. 123 
§7.2.3 仪器表征 ................................................................................................. 125 
§7.3 结果与讨论 .................................................................................................... 126 
§7.3.1 乙二醇体系与水溶液体系合成 Pd@PtnL纳米八面体的不同机理 ..... 126 
§7.3.2 乙二醇体系中 Pd@PtnL核壳纳米八面体的制备和表征 ..................... 127 
§7.3.3 乙二醇体系制备的 Pd@Pt 核壳纳米八面体的氧还原催化性质研究 131 
§7.3.4 水溶液体系中 Pd@Pt2-3L核壳纳米八面体的制备和表征 ................... 134 
§7.3.5 水溶液体系制备的 Pd@Pt2-3nL核壳纳米八面体的氧还原催化性质研究
 ............................................................................................................................ 137 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
V 
 
§7.4 本章小结 ........................................................................................................ 138 
参考文献 ................................................................................................................ 140 
第八章  改变 HAuCl4与 AgNO3比例实现动力调控 Au 和 Ag 在立方体 Pd 纳米
晶体上的共生长过程 ............................................................................................... 144 
§8.1 前言 ................................................................................................................ 144 
§8.2 实验部分 ........................................................................................................ 145 
§8.2.1 材料与试剂 ............................................................................................. 145 
§8.2.2 实验步骤 ................................................................................................. 145 
§8.2.3 仪器和表征 ............................................................................................. 146 
§8.3 实验结果与讨论 ............................................................................................ 147 
§8.3.1 Ag
+离子对 Au 在 Pd 立方体晶种上生长的影响 .................................. 147 
§8.3.2 AuCl4
-离子对 Ag 在 Pd 立方体晶种上生长的影响 .............................. 148 
§8.3.3 通过改变 HAuCl4与 AgNO3比例调控 Pd-AuAg的形貌 .................... 149 
§8.3.4 HAuCl4与 AgNO3比例调控 Pd-AuAg形貌的机理研究 ..................... 151 
§8.3.5 不同形貌 Pd-AuAg纳米晶体的 LSPR 研究 ......................................... 153 
§8.4 本章小结 ........................................................................................................ 155 
参考文献 ................................................................................................................ 156 
总结与展望 ............................................................................................................... 159 
附录：攻读博士学位期间发表的论文及成果 ....................................................... 160 
致谢 ........................................................................................................................... 163 
 厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of Contents 
 
VI 
 
Table of Contents 
Abstract in Chinese ...................................................................................................... I 
Abstract in English ................................................................................................... IV 
Chapter 1 Introduction ................................................................................................ 1 
§1.1 Preface ............................................................................................................... 1 
§1.2 Summarization of noble metal nanomaterials ............................................... 2 
§1.2.1 Introduction of noble metal nanomaterials .................................................. 2 
§1.2.2 Structural characteristics of noble metal nanomaterials  ............................. 3 
§1.2.3 Special properties of noble metal nanomaterials ......................................... 4 
§1.3 Achievements of the controlled synthesis of noble metal nanomaterials .... 6 
§1.3.1 Synthetic methods for noble metal nanomaterials ....................................... 6 
§1.3.2 Present Status of the synthesis of noble metal nanocrystals with low-index 
facets ..... ................................................................................................................. 7 
§1.3.3 Present Status of the synthesis of noble metal nanocrystals with high-index 
facets ....................................................................................................................... 9 
§1.4 Application in fuel cells of noble metal nanomaterials ............................... 12 
§1.4.1 Introduction of of the fuel cells ................................................................. 12 
§1.4.2 Effect of the controlled synthesis of noble metal nanomaterials on the 
performance of noble metal catalysts ................................................................... 13 
§1.5 Objectives and contents of this dissertation ................................................. 19 
References ............................................................................................................... 23 
Chapter 2 Synthesis of size-controlled monodisperse Pd nanoparticles via a non-
aqueous seed-mediated growth ................................................................................. 36 
§2.1 Introduction .................................................................................................... 36 
§2.2 Experimental section ...................................................................................... 37 
§2.2.1 Reagents ..................................................................................................... 37 
§2.2.2 Experimental procedures ........................................................................... 37 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of Contents 
 
VII 
 
§2.2.3 Instruments ................................................................................................ 37 
§2.3 Results and discussion .................................................................................... 39 
§2.3.1 Synthesis and charaterization of monodisperse Pd nanoparticles with the 
size of 5-nm .......................................................................................................... 39 
§2.3.2 The effects of organic amines .................................................................... 41 
§2.3.3 Size-controlled synthesis of monodisperse Pd nanoparticles via a non-
aqueous seed-mediated growth ............................................................................. 41 
§2.3.4 Self-assembly of the monodisperse Pd nanoparticles ................................ 42 
§2.4 Conclusions ..................................................................................................... 44 
References ............................................................................................................... 45 
Chapter 3  Facile syntheses and enhanced electrocatalytic activities of Pt 
nanocrystals with {hkk} high-index surfaces ........................................................... 48 
§3.1 Introduction .................................................................................................... 48 
§3.2 Experimental Section ..................................................................................... 49 
§3.2.1 Reagents ..................................................................................................... 49 
§3.2.2 Experimental procedures ........................................................................... 49 
§3.2.3 Instruments ................................................................................................ 50 
§3.3 Results and discussion .................................................................................... 51 
§3.3.1 Characterization of multipod Pt nanocrystals with dominant {211} high-
index surfaces ....................................................................................................... 51 
§3.3.2 Characterization of concave Pt nanocrystals with dominant {411} high-
index surfaces ....................................................................................................... 53 
§3.3.3 Surface sensitive electrochemical reactions of the as-prepared Pt 
nanocrystals .......................................................................................................... 55 
§3.3.4 The effects of 1-octylamine and formaldehyde ......................................... 56 
§3.3.5 Electrocatalytic activity of the as-prepared Pt nanocrystals toward ethanol 
oxidation ............................................................................................................... 59 
§3.4 Conclusions ..................................................................................................... 60 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of Contents 
 
VIII 
 
References ............................................................................................................... 61 
Chapter 4  Pd-Cu bimetallic tripods: A mechanistic understanding of the 
synthesis and their enhanced electrocatalytic activity for formic acid oxidation 65 
§4.1 Introduction .................................................................................................... 65 
§4.2 Experimental section ...................................................................................... 67 
§4.2.1 Reagents ..................................................................................................... 67 
§4.2.2 Experimental procedures ........................................................................... 67 
§4.2.3 Instruments ................................................................................................ 68 
§4.3 Results and discussion .................................................................................... 70 
§4.3.1 The effect of CuCl2 on the morphology of Pd-based nanocrystals ........... 70 
§4.3.2 Characterization of the Pd-Cu tripods ....................................................... 71 
§4.3.3 Understanding the role of Cu
2+
 in the formation of Pd-Cu tripods ........... 73 
§4.3.4 The effects of Br
-
 ions and other parameters ............................................. 76 
§4.3.5 Selective removal of Cu from the tripods through oxidative etching ........ 79 
§4.3.6 Electrocatalytic activity of the tripods toward formic acid oxidation ....... 81 
§4.4 Conclusions ..................................................................................................... 83 
References ............................................................................................................... 84 
Chapter 5  Cu
2+
 assisted synthesis of hexoctahedral Au-Pd alloy nanocrystals 
with high-index Facets ............................................................................................... 89 
§5.1 Introduction .................................................................................................... 89 
§5.2 Experimental section ...................................................................................... 90 
§5.2.1 Reagents ..................................................................................................... 90 
§5.2.2 Experimental procedures ........................................................................... 90 
§5.2.3 Instruments ................................................................................................ 91 
§5.3 Results and discussion .................................................................................... 92 
§5.3.1 Characterization of the hexoctahedral Au-Pd alloy nanocrystals .............. 92 
§5.3.2 The effects of different parameters on the formation of hexoctahedral Au-
Pd alloy nanocrystals ............................................................................................ 95 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of Contents 
 
IX 
 
§5.3.3 Mechanism study on the formation of hexoctahedral Au-Pd alloy 
nanocrystals .......................................................................................................... 98 
§5.3.4 Electrocatalytic activity of the hexoctahedral Au-Pd alloy nanocrystals .. 99 
§5.4 Conclusions ................................................................................................... 101 
References ............................................................................................................. 102 
Chapter 6  Cu
2+
-Controlled shape evolution of Au and Au-Pd nanocrystals .... 106 
§6.1 Introduction .................................................................................................. 106 
§6.2 Experimental section .................................................................................... 107 
§6.2.1 Reagents ................................................................................................... 107 
§6.2.2 Experimental procedures ......................................................................... 107 
§6.2.3 Instruments .............................................................................................. 108 
§6.3 Results and discussion .................................................................................. 110 
§6.3.1 The shape evolution of the Au nanocrystals with the introduction of Cu
2+
 ............................................................................................................................ 110 
§6.3.2 Mechanism study on the effects of Cu
2+
 for the shape evolution of the Au 
nanocrystals ........................................................................................................ 111 
§6.3.3 The shape evolution of the Au-Pd alloy nanocrystals with the introduction 
of Cu
2+
 ................................................................................................................ 113 
§6.3.4 Electrocatalytic activity of the Au-Pd alloy nanocrystals toward formic 
acid oxidation ..................................................................................................... 116 
§6.4 Conclusions ................................................................................................... 117 
References ............................................................................................................. 118 
Chapter 7 Atomic layer-by-layer deposition of Pt on Pd octahedra and their 
enhanced electrocatalytic activity for oxygen reduction reaction ....................... 121 
§7.1 Introduction .................................................................................................. 121 
§7.2 Experimental section .................................................................................... 122 
§7.2.1 Reagents ................................................................................................... 122 
§7.2.2 Experimental procedures ......................................................................... 123 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of Contents 
 
X 
 
§7.2.3 Instruments .............................................................................................. 125 
§7.3 Results and discussion .................................................................................. 126 
§7.3.1 Comparison of two synthesis systems of the Pd@PtnL octahedra. .......... 126 
§7.3.2 Synthesis of the Pd@PtnL octahedra via EG-based protocol. .................. 127 
§7.3.3 Electrocatalytic measurement toward oxygen reduction reaction of the 
Pd@PtnL octahedra synthesized in EG. .............................................................. 131 
§7.3.3 Synthesis of Pd@Pt2−3L octahedra via water-based protocol. ................. 134 
§7.3.3 Electrocatalytic measurement toward oxygen reduction reaction of the 
Pd@Pt2−3L octahedra synthesized in water. ........................................................ 137 
§7.4 Conclusions ................................................................................................... 138 
References ............................................................................................................. 140 
Chapter 8  Kinetically controlled co-growth of Au and Ag on Pd cubic seeds by 
manipulating the ratio of  HAuCl4 to AgNO3 ........................................................ 144 
§8.1 Introduction .................................................................................................. 144 
§8.2 Experimental section .................................................................................... 145 
§8.2.1 Reagents ................................................................................................... 145 
§8.2.2 Experimental procedures ......................................................................... 145 
§8.2.3 Instruments .............................................................................................. 146 
§8.3 Results and discussion .................................................................................. 147 
§8.3.1 The influence of the introduced AgNO3 for overgrowth of Au on Pd 
nanocubes ........................................................................................................... 147 
§8.3.2 The influence of the introduced HAuCl4 for overgrowth of Ag on Pd 
nanocubes ........................................................................................................... 148 
§8.3.3 Shape evolution of the nanocrystals with the introduction of different ratio 
of HAuCl4 and AgNO3 ....................................................................................... 159 
§8.3.4 Mechanism study on the co-growth of Au and Ag on Pd cubic seeds .... 151 
§8.3.5 LSPR properties of the Pd–AuAg trimetallic nanocrystals with different 
ratio of Au and Ag .............................................................................................. 153 
§8.4 Conclusions ................................................................................................... 155 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of Contents 
 
XI 
 
References ............................................................................................................. 156 
Summary and outlook ............................................................................................. 159 
Appendix：List of publications and patents during Ph.D. study ........................ 160 
Acknowledgements .................................................................................................. 163 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
